INTRODUCTION
An increasing number of sequences of proteins involved in polysaccharide biosynthesis have become available during the last few years, mostly due to the cloning and sequencing of the corresponding genes. A number of these proteins are glycosyltransferases, which catalyse the formation of glycosidic bonds using a nucleotide-diphospho-sugar as the sugar donor. These enzymes are responsible for the sugar sequence and linkage type in oligo-and poly-saccharides. Based on the stereochemistry of the glycosidic bond formed and that of the sugar donor, two types of glycosyltransferases can be defined : inverting ones and retaining ones. Retaining glycosyltransferases result in glycosidic bonds with stereochemistry identical to that of the glycosyl donor, while inverting enzymes produce glycosidic bonds of the opposite stereochemistry [1] . This situation is identical to that described for glycosyl hydrolases, which catalyse the hydrolysis of sugars with either retention or inversion of the anomeric configuration [2] . Glycosyl hydrolases have been classified into several families based on sequence similarity [3, 4] . Members of a given glycosyl hydrolase family have a similar three-dimensional structure [5] and use the same molecular mechanism [6] . In the case of glycosyltransferases, the sequence similarity is often very low, and precludes their straightforward grouping by standard sequence alignment algorithms [7, 8] . The sensitive hydrophobic cluster analysis (HCA) [9, 10] method has been successfully used in several cases for the grouping of proteins of very low sequence similarity [11] . Using this method we have recently succeeded in assigning several inverting β-glycosyltransferases to a single family [1] .
Although several bacterial polysaccharides contain mannose (for a review, see [12] ), only eight α-mannosyltransferase genes have been identified and characterized so far ( [13-15a] ; E. A.
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residues were identified. These features were also found in several other glycosyltransferases, as well as in proteins of unknown function present in sequence databases. This similarity most probably reflects the existence of a family of proteins with conserved structural and mechanistic features. It is argued that the present IUBMB classification of glycosyltransferases could be complemented by a classification of these enzymes based on sequence similarities analogous to that which we proposed for glycosyl hydrolases [Henrissat, B. (1991) Biochem. J. 280, 309-316].
Petroni and L. Ielpi, unpublished work). The derived proteins do not display global similarity, but a short consensus peptide has been reported to be conserved in three α-mannosyltransferases [13] . In the present paper we show that α-mannosyltransferases that are involved in the biosynthesis of bacterial lipopolysaccharides (LPSs) and exopolysaccharides, as well as some eukaryotic proteins, in fact share this motif, albeit in a more degenerated form. We also demonstrate that these proteins share a global similarity, and discuss the implications for a classification of glycosyltransferases that would better incorporate the mechanistic and structural features of these enzymes.
MATERIALS AND METHODS
Sequences were retrieved from either the SwissProt or GenBank sequence databanks. Sequence similarity searches were performed using BLAST at the Ecole Polytechnique Fe! de! rale de Lausanne, Switzerland.
HCA plots were obtained using the program HCA-Plot V3.0 (Doriane S.A., Le Chesnay, France). A HCA plot is a bidimensional representation in which the amino acid sequence of a protein is displayed as an unrolled and duplicated longitudinal cut of a cylinder where the amino acids follow an α-helical pattern. It has been shown that the clusters of contiguous hydrophobic residues (Val, Ile, Leu, Met, Phe, Trp, Tyr) correspond to secondary structure elements in globular proteins [16] . In the plots, the following amino acids are represented by the symbols : N for proline, 4 for glycine, for serine and for threonine. Graphical manipulations of the plots were carried out using IslandDraw V3.0 (Island Graphics Corp., Hoofddorp, The Netherlands). The analysis then involved the comparison of cluster shape and of cluster distribution between several plots in order to find correspondences [9, 10] .
The significance of the pairwise comparisons was assessed using the PCOMPARE program of PC\Gene (Intelligenetics) using a Dayhoff MDM-78 matrix with a bias value of 60, a gap penalty of 60, and 180 random runs.
RESULTS AND DISCUSSION
A signature for α-mannosyltransferases
The sequences of several bacterial mannosyltransferases have recently become available, mostly through studies on the biosynthesis of O-antigen and exopolysaccharides. These proteins have not been assigned to a single family for lack of obvious sequence similarity. However, Kido et al. [14] have recently reported that the consensus sequence SXXEGFGLPXXE is present in three α-mannosyltransferases : MtfA and MtfB from Escherichia coli and RfbW from Salmonella enterica. We have searched for this motif in other bacterial α-mannosyltransferases (listed in Table 1 ). All the enzymes share the peptide Table 2 Scores for pairwise comparisons of the sequences in Table 1 Scores are given in S.D.s (σ). For PigAt protein, the region comprising amino acids 40-420 of the orignal protein was used in this study. EXFGXXXXE in the C-terminal half of the protein.
Interestingly, MtfA shows this motif two times in its sequence (see below). Eukaryotic glycosyltransferases were tested for this peptide, but no similarity was found. RfbO, an S. enterica D2 mannosyltransferase, did not display the consensus sequence. However, the only mannose residue in the antigen O of this species is β-linked, supporting the idea that the conserved motif is specific for α-mannosyltransferases. It is not surprising to find that α-and β-mannosyltransferases belong to different families, since the difference in the stereochemistry of the reaction catalysed probably reflects profound differences in the active-site architecture of the enzymes. The conserved sequence was also found in other proteins or open reading frames. First, Genbank entry M84642 (orf6.17) is a gene located in the rfb cluster of S. enterica group C1. The function of the hypothetical protein was not studied, but it presumably encodes a glycosyltransferase [17] . Since S. enterica C1 antigen O contains two α-linked mannoses, it is conceivable that orf6.17 codes for an α-mannosyltransferase. Surprisingly, the consensus peptide was also found in two eukaryotic proteins, PigA and Gpi3, which are involved in glycosylphosphatidyl-
Figure 1 HCA plots of the conserved region in α-mannosyltransferases and PigA
The protein codes are defined in Table 1 inositol anchor biosynthesis [18, 19] . PigA and Gpi3 are probably involved in the transfer of N-acetylglucosamine to form Nacetylglucosaminylinositol. These putative enzymes use an alternative sugar, suggesting that the signature we have found may also occur in glycosyltransferases using other sugar donors.
In order to find other regions of similarity, multiple alignments of the proteins listed in Table 1 were performed. While in all the cases they successfully aligned the region encompassing the signature, they failed to detect overall similarity between these proteins. To assess the significance of the similarity between the proteins, pairwise comparisons of the complete sequences were performed. All the scores exceeded the mean score of alignments with randomly shuffled sequences by at least three S.D.s (σ) ( Table 2) , except for the case of MtfC that will be discussed later. Among the proteins with a score higher than 3σ, only RfbZ failed to reach a more stringent score of 5σ. These results indicate that these proteins are significantly related, allowing them to be grouped in a single family. However, the similarity was too low to obtain an automatic multiple alignment which would uncover other regions of similarity.
HCA plots
Because of its established effectiveness in the comparison of widely divergent proteins, the HCA method was used for the sequence comparisons. The sensitivity of this method allows useful global alignments to be obtained at high divergence levels, mostly because the method can reliably identify elements of secondary structure in proteins [16] . The HCA plots of representative bacterial α-mannosyltransferases and of PigA protein are shown in Figures 1 and 2 . Analysis of the plots allowed most of the proteins to be divided into 16 segments (labelled 1-16 in Figures 1 and 2 ). The features of segments 2, 4, 7, 9, 11, 12, 13, 15 and 16 are conserved among all the proteins studied. These segments are followed by a region whose HCA pattern is indicative of an α-helical structure, and by a mosaic of aromatic
Figure 2 HCA plots of the conserved region in α-mannosyltransferase involved in the biosynthesis of lipopolysaccharide O9
The protein codes are defined in Table 1 , and symbols representing amino acids are defined in the text. Broken lines indicates weaker similarity. Other details are as in Figure 1 .
residues (Figures 1 and 2) . Among all the proteins, conserved segments 11-16 share a striking similarity at the HCA level, which correlates with significant scores in pairwise comparisons (results not shown). Segments 7-10 are also very well conserved, but they differ in size. On the other hand, segments 1-6 appear less well conserved, and in the case of MtfC the similarity is hard to detect (Figure 2 ). This may explain the lower scores obtained for the pairwise comparisons of MtfC with the other proteins. The signature motif EXFGXXXXE, present in segments 13 and 14, contains the two Glu residues which are invariant in this family of proteins. Because they could also be important for structure or catalysis, we searched for other conserved amino acids. For instance, a conserved Pro is found to be almost invariant at the beginning of segment 1. A His and a Ser are conserved in segments 2 and 3 respectively (Figures 1 and 2 ). An invariant Lys is also found at the beginning of segment 9, while a conserved Leu is found in segment 11.
The sequences of eukaryotic α-mannosyltransferases and of a bacterial β-mannosyltransferase (RfbO from S. enterica) were also analysed by HCA, but no similarity was detected, indicating that they probably belong to other families.
MtfA has an internal duplication
MtfA is an α-mannosyltransferase that is involved in the biosynthesis of E. coli O9 LPS. It catalyses the addition of three successive α-(1,2)-linked mannose residues [14] . MtfA is twice as large as the other transferases. As this may indicate the presence of two catalytic domains that act sequentially, we searched for the sequence signature in the additional residues of MtfA. The signature is indeed present twice in MtfA, separated by approx. 400 residues. The protein was arbitrarily divided into two halves, MtfAN (residues 1-380) and MtfAC (residues 440-801). At the DNA level the similarity between these two moieties is 48 %, while at the protein level the identity is 19.8 %. However, the HCA plots of the two halves are very similar and show all the conserved segments found in the other proteins under study (Figure 2 ). This indicates that MtfA is a two-domain protein that has probably evolved by gene duplication.
The biosynthetic pathway of O9 LPS has recently been described [14] (Figure 3) . The first step is the formation of undecaprenol-P-P-Glc-α-(1,3)-Man and is catalysed by MtfC. The second step consists of the consecutive addition of two α-(1,3)-linked mannoses by MtfB. Finally, MtfA adds three α-(1,2)-linked mannoses. This last reaction can indeed be divided in two steps : the first Man residue is added to an acceptor that consists of α-(1,3)-linked mannose, while the acceptor for the other two residues is an α-(1,2)-linked mannose (see underlined sugars in Figure 3 ). The likely presence of two independent catalytic units in MtfA may account for these different acceptors : one unit would recognize and transfer to α-(1,3)-linked mannose, and the second would act twice on the terminal α-(1,2)-linked mannose.
Databank searches
In order to test the reliability of our analysis and to possibly detect other sequences sharing similarity with the proteins listed Figure 3 Proposed biosynthetic pathway of the O9 polysaccharide from E. coli O9 as proposed previously [14] Man is mannose, Glc is glucose, and Und is undecaprenol. Sugars added by the corresponding enzyme are in bold. The two last mannoses added by MtfA are underlined.
Table 3 Proteins retrieved from databases
The two invariant Glu residues are in bold a gb and sp indicate GenBank and SwissProt entries respectively. b In amino acids residue. c Presence (j) or absence (k) of the conserved leucine in segment 11. d Similarity in the N-terminal region (segments 1-6) compared with consensus : j, good ; j/k, medium ; k, poor.
in Table 1 , databank searches were undertaken. Because HCA is not adapted to extensive databank searches, a consensus peptide PSLHEGFGIPXVEAMSXGLP was defined after inspection of the HCA plots in Figures 1 and 2 . Databanks were searched for this peptide using BLAST [20] . In order to maximize the likelihood of finding similarities, BLAST searches were also performed with the RfbU protein. In this case, only those proteins sharing similarity with the consensus peptide were retained. The results are summarized in Table 3 . An alignment of the region of the consensus peptide is also shown, where the EXXXXXXXE segment is strictly conserved ( Table 3) . Analysis of HCA plots indicates that, in all of the listed proteins, the HCA pattern around the signature peptide is similar to that of segments 11-16 defined earlier. However, some proteins lack the semiconserved Leu residue in fragment 11 (Table 3) . In other proteins the N-terminal region (segments 1-6) is less conserved (see Table  3 ). Among the sequences retrieved using BLAST, we found several glycosyltransferases with different donor specificity, which indicates that the features we found for α-mannosyltransferases are common to other glycosyltransferases. Some of these proteins are known to act with retention of the stereochemistry at the anomeric carbon of the sugar ; for the others, the mechanism is not known. It is of note that all the proteins which were retrieved are either putative glycosyltransferases or proteins involved in polysaccharide biosynthesis whose exact function is not yet known.
We have noticed that the consensus peptide is also present in sucrose and sucrose-phosphate synthases, which are also retaining α-glycosyltransferases. However, the similarity could not be extended to other regions of these proteins, making further studies necessary to confirm the resemblance (if any) between the family described here and sucrose synthases.
The peptide EXXXXXXXE was also found in other proteins, i.e. the SwissProt entries P31612 (a viral protein) and P21302 (an ornithine carbamoyltransferase). However, visual examination of the corresponding HCA plots did not reveal any similarity. Furthermore, analysis of the region that would correspond to segments 11-16 was performed by calculating the HCA scores against the same segment taken from RfbU. The calculated score was 21 % for P31612 and 38 % for P21302, confirming that there is no similarity in this domain, since HCA similarity scores become significant only above 60 % [10] .
Implications for the mechanism of action
Irrespective of the direction of the reaction (i.e. synthesis or hydrolysis), there are two main catalytic mechanisms for glycosyl transfer, leading to either retention or inversion of the anomeric configuration of the sugar involved in the reaction. In the glycosyltransferases studied here, catalysis takes place by a retaining mechanism, since the sugar donor has the same stereochemistry as the glycosidic bond that is formed. Such a mechanism, which is likely to proceed via a glycosyl-enzyme intermediate [1] , requires two catalytic residues (an acid and a base). Since the catalytic residues of enzymes are usually subjected to intense conservation pressure, they are probably located in the best conserved region of the present family of proteins, i.e. the region that spans segments 7-16. Only three polar amino acids are invariant in this region, a Lys and two Glu residues. Only Glu residues have the appropriate chemical characteristics to account for this type of catalysis. The two conserved Glu residues may, therefore, be of particular importance for catalysis in these enzymes.
Towards a classification of glycosyltransferases
Here we demonstrate that several enzymes that share the same molecular mechanism can be grouped in one family, and that the best conserved region of these proteins can be used to search for other glycosyltransferases in sequence databanks. Several of the retrieved sequences represent enzymes that use different sugar donors. It is, therefore, possible that the hydrophobic cluster organization and conserved glutamate residues are indicative of a broader family that includes several other retaining α--glycosyltransferases. Biochemical analysis of proteins that belong to this family and whose function is unknown will serve as a test for this hypothesis. The number of sequences of glycosyltransferases present in the databases has dramatically increased during the last 5 years, and it is expected that this number will continue to increase steadily. Little is known, however, about the structure-function relationships of glycosyltransferases, mainly because of the scarcity of three-dimensional structures. Since sequence similarity is a good indication of structural similarity, a systematic comparison of the primary structures of glycosyltransferases should enable the definition of families of structurally related proteins. The IUBMB classification of glycosyltransferases is presently based on the sugar transferred, the sugar donor and the acceptor. A useful and complementary classification of glycosyltransferases should incorporate the following criteria : (i) sequence (hence structural) similarity, and (ii) stereochemistry of the reaction. The classification system that we propose will also help to handle sequences that become available in the future. Based on the analysis of other sequences, we have previously identified a family of β-glycosyltransferases which correlated with the stereochemistry of the reaction and the processivity of the enzymes [1] . In this paper we present another family of proteins containing α-glycosyltransferases and related proteins. There are still many glycosyltransferase sequences that do not belong to these two established families, and their categorization will be the objective of our future work.
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